Introduction
Thermus thermophilus, isolated from a Japanese thermal spa, is an extremely thermophilic eubacterium that grows at 55-82°C (1) . It is a non-sporulating, gram-negative, aerobic obligate heterotroph that grows optimally at 70-75°C and pH 7.5. Our major interest in the organism is its DNA repair systems. DNA damage such as methylation, deamination, depurination, oxidation and single-strand breaks presumably occur at a much higher frequency in thermophiles growing in extremely high temperature environments than in mesophiles growing in more temperate environments. Methylated DNA lesions are caused by endogenous S-adenosylmethionine (2) and by exogenous methylating agents, including N-methyl-N#-nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea. The two most abundant adducts formed by these agents are 7-methylguanine and 3-methyladenine (3-meA); less abundant but mutagenic adducts include O 6 -methylguanine (O 6 -meG) and O 4 -methylthymine (3) . While 3-meA interferes with DNA replication, O 6 -meG does not, although it frequently mispairs with thymine causing G:C/A:T transitions (4, 5) . O 6 -alkylguanine-DNA alkyltransferase (AGT), originally designated as O 6 -methylguanine-DNA methyltransferase in Escherichia coli (6) , selectively removes a methyl group from the O 6 position of guanine and transfers it to a cysteine residue in the PCHR amino acid sequence in the protein itself, which then becomes permanently inactivated (7, 8) , i.e. AGT is expended in one reaction. Genes encoding AGT have been identified in a wide range of organisms, including humans (9) but have not been found in Schizosaccharomyces pombe, Deinococcus radiodurans (10) or T.thermophilus (11) .
Recently, a family of AGT homologous genes in which the active cysteine residue in the PCHR motif is replaced by tryptophan, alanine or isoleucine was identified in bacteria and yeast (12) and designated as alkyltransferase-like (ATL) proteins (13) . In contrast to Escherichia coli containing both AGT and ATL genes, S.pombe, D.radiodurans and T.thermophilus contain only ATL genes with no recognisable AGT genes. Both S.pombe and T.thermophilus ATL proteins bind to single-and double-stranded oligonucleotides containing O 6 -meG, but they lack the active PCHR cysteine (11, 14) . Interestingly, deletion of atl1 in S.pombe increases its sensitivity to methylating agents and increases the MNNGinduced reversion rate of ade6-485 (12, 15) . Disruption of atl (ttha1564) in T.thermophilus HB8 causes a moderate increase in the spontaneous mutation rate when measured by the frequency of streptomycin resistance (11) . Thus, S.pombe and T.thermophilus ATL proteins appear to be involved in repairing methylated DNA. Morita et al. (11) found that T.thermophilus ATL protein interacts in vitro with UvrA protein, a component of UvrABC excinuclease in a nucleotide excision repair (NER) pathway. Interaction of E.coli ATL protein with E.coli UvrA in vitro has also been recently demonstrated (15, 16) . Based on those findings, it has been proposed that ATL protein acts as an O 6 -meG damage sensor and recruits UvrA protein to repair the lesion by NER. As far as T.thermophilus ATL protein, lack of methyltransferase activity to O 6 -meG in oligonucleotide was assayed at 37°C in vitro (11) but not at growing temperature of 70°C. It has been known that enzymes such as 3-isopropylmalate dehydrogenase (17) and b-glucosidase (18) from T.thermophilus exhibit quite low activities at 37°C. Therefore, the possibility that T.thermophilus ATL protein might have a weak methyltransferase activity at 70°C could not be excluded completely. Also, the interaction of T.thermophilus ATL protein with UvrA was measured at 25°C in vitro (11) . The aim of the present study is to elucidate the role of T.thermophilus ATL protein in the NER pathway in living cells growing at 70°C by a genetic approach. Here, we compare frequencies of MNNG-induced G:C to A:T transition mutations in atl and uvrA mutants of T.thermophilus.
Materials and methods
Bacterial strains, culture media and chemicals Table I lists the plasmids and strains of T.thermophilus used in this study. The T.thermophilus His auxotroph strain RT30 contains the hisD3110 allele in which a wild-type GAG codon is mutated to GGG, causing a change from Glu to Gly at position 311. Thus, induction of a G:C/A:T base-substitution (GGG/GAG) would be detected in strain RT30 by His þ reverse mutations. In our previous study with this allele, it was shown that spontaneous reversion to His þ (total 56 revertants analysed) occurred only by a G:C/A:T transition (20 O, 0.1 lg/ml biotin and 1 lg/ml thiamine (pH 7.5). We solidified the medium with 1.5% agar. The top agar contained 0.6% agar without NaCl. We cultured E.coli strains in Luria-Bertani medium (1% tryptone, 0.5% yeast extract and 1% NaCl) at 37°C. We obtained MNNG, ampicillin (Ap) and kanamycin sulphate (Km) from Wako Pure Chemical Industries (Osaka, Japan) and hygromycin B (Hm) from Invitrogen (Tokyo, Japan).
Gene disruption by insertion of htk or hph5 gene cassette We isolated T.thermophilus HB27 (19) genomic DNA using the Maxwell 16 Tissue DNA Purification Kit (Promega Corporation, Madison, WI, USA) and carried out polymerase chain reaction (PCR) amplification using PrimeSTAR Max Polymerase, Hot Start version, with a Mighty TA-cloning Kit (Takara Bio, Otsu, Japan) under the conditions of 25 cycles at 98°C for 10 sec, 55°C for 5 sec and 72°C for 30 sec and purified the PCR products using a QIAquick PCR Purification Kit (Qiagen, Japan, Tokyo). We used PCR to amplify a 2.25-kb DNA fragment that included T.thermophilus atl (TTC1199) from HB27 genomic DNA and subcloned it into a pCR4-TOPO plasmid (TOPO TA Cloning Kit for sequencing; Invitrogen). We replaced the entire atl coding region (0.44 kb) with an htk gene (Km r ) (23) by a four-step PCR strategy using six designated primers, as follows: We amplified the 5# atl flanking region (0.83 kb) using primer A (5#-GCCCTACTTCGCTTTGGAG-3#) and primer B (3#-CCACCGCCGCGCGATCCCGGGCCATTTCGATCCTCCTTTA-5#). We amplified an htk gene cassette including the promoter region (0.99 kb) by PCR from pTAP60 (18) using primer C (5#-CGGTAAAGCTAGGAGGAAAT-3#) and primer D (3#-CAATTAGTACAACCAATGCG-5#). The bold letter sequences in primers B and C were complementary so that the third PCR could be conducted with mixed PCR fragments A-B and C-D as a template using primers A and D. We amplified the 3# atl flanking region (0.98 kb) using primer E (5#-GTTAATCATGTTGGTTACGCTTAGGCCTCCCGCCACAG-3#) and primer F (3#-CACATCCGGAAATCCCCCTTC-5#). The bold italic letter sequence in primers D and E are complementary. We conducted the final PCR with a template of mixed PCR fragments A-D and E-F using primers A and F and cloned the resulting PCR fragment A-E (2.8 kb) into pCR4-TOPO to create pHTK1199 (Datl::htk).
We amplified a 4.74-kb DNA fragment that included uvrA (TTC1075, 2.86 kb) from T.thermophilus HB27 genomic DNA by PCR and subcloned it into a pCR4-TOPO plasmid, which we treated with BamHI and SacI to remove the middle section (1.05 kb) of the uvrA gene. We amplified an hph5 gene (Hm r ) from pT8S-P31-HPH5 (21) by PCR using a 5#-primer having a BglII site (5#-CggatccATTCGGCCCAAGGTTTAC-3#) and a 3#-primer having a SacI site (5#-CgagctcAACGCATGCTATTCCTTT-3#). (The plasmid pT8S-P31-HPH5 carrying hph5 gene cassette (1.23 kb) was a gift from Dr Akira Nakamura.) We inserted the hph5 fragment between the BamHI and SacI sites in the uvrA gene. The ligated plasmid yielded pUVR1075 (uvrA::hph5). We also used the previously constructed plasmid pHTK1075 (uvrA::htk) (24) to isolate mutant strain TO25.
T.thermophilus shows natural transformation competence throughout its growth phase with an efficiency on the order of 10 4 transformants per micrograms DNA (25) . Using plasmids pHTK1199, pUVR1075 and pHTK1075 linearised by ScaI or SspI for transformation, we mixed a logarithmic phase cell culture (0.5 ml) in PY medium at 70°C ($1 Â 10 8 cells/ml) with 25-50 ll of the linearised plasmid DNA solution and cultured it for 2 h at 70°C with gentle shaking to allow homologous recombination (26) . For selection, we spread the culture on PY plates containing 50-100 lg/ml Km (for htk transformants) or 50 lg/ml Hm (for hph5 transformants). We wrapped the plates in PVC wrapping film and incubated them for colony formation for 1-2 days at 70°C (for Km r ) or 65°C (for Hm r ) and confirmed chromosome disruption by PCR analysis. We amplified a band of the expected size of Datl::htk, uvrA::hph5 or uvrA::htk from the Km r or Hm r clone by PCR and detected no band of the original size of atl or uvrA, indicating that homologous recombination correctly replaced the target gene with Datl::htk uvrA::hph5 or uvrA::htk.
Construction of pATL and site-directed mutagenesis
The shuttle vector pTAP60, a derivative of pUC18-pJHK3 (26) carrying an htk gene (Km r ) for T.thermophilus and an amp gene (Ap r ) for E.coli as selection markers was described previously (18) . The copy number of pJHK3-derived plasmid in T.thermophilus has been reported to be about eight per cell (27) . We amplified by PCR an hph5 gene cassette including the promoter region from pT8S-P31-HPH5 using primers having 5#-HindIII (5#-CCaagcttATTCGGCC-CAA-3#) and 3#-KpnI (5#-CggtaccAACGCATGCTATTCCTT-3#) sites and inserted the hph5 gene fragment into the HindIII-KpnI site on pTAP60, resulting in pTAP60HPH (Figure 1) . We amplified the open reading frame (ORF) region of atl by PCR from HB27 genomic DNA using primers having a 5#-SalI site (5#-CCgtcgacTAgaattcGTGTGGGTCCCCACGCCCTT-3#) and 3#-PstI site (5#-CActgcagCTAAAGGGCCCCCTCAAAG-3#). We then deleted the htk ORF region from pTAP60HPH by digestion with SalI and PstI and inserted the atl ORF fragment (SalI-PstI) under the htk promoter. We designated the resulting atl-expressing plasmid as pATL ( Figure 1 ) and used it to exchange an amino acid in site-directed reactions. We constructed mutant atl genes that code for alanine instead of tyrosine at position 88 (pATL88A), alanine instead of arginine at position 100 (pATL100A), glutamic acid instead of tyrosine at position 88 (pATL88E), glutamic acid instead of arginine at position 100 (pATL100E), alanine instead of cysteine at position 109 (pATL109A) or cysteine instead of alanine at position 117 (pATL117C) using PCR with the following primers for codon exchange: 5#-CCGTGAGCGCCGGGGCCTTG-3# (sense) and 5#-CAAGGCCCCGGCGCTCACGGT-3# (antisense) for pATL88A, 5#-GCCTC-TCCCCCGCCGCGGTG-3# (sense) and 5#-CACCGCGGCGGGGGAGAGGC-3# (antisense) for pATL100A, 5#-CCGTGAGCGAGGGGGCCTTG-3# (sense) and 5#-CAAGGCCCCCTCGCTCACGGT-3# (antisense) for pATL88E, 5#-GCCTCTCCCCCGAGGCGGTG-3# (sense) and 5#-CACCGCCTCGGGG-GAGA-3# (antisense) for pATL100E, 5#-CTTAGGGCCGCCCCCTTTTT-3# Mutant ATL (R100A, Arg100/Ala) pATL88A100A
Mutant ATL (Y88A R00A, Tyr88/Ala, Arg100/Ala) pATL88E100E
Mutant ATL (Y88E R100E, Tyr88/Glu, Arg100/Glu) pATL109A
Mutant ATL (C109A, Cys109/Ala) pATL117C
Mutant ATL (A117C, Ala117/Cys) (sense) and 5#-AAAAAGGGGGCGGCCCTAAG-3# (antisense) for pATL109A and 5#-CTCCTCGTCCCCTGCCACCG-3# (sense) and 5#-CGGTGGCAGGG-GACGAGGAG-3# (antisense) for pATL117C (bold letters indicate codon substitutions). We sequenced the coding region of the constructs to confirm that no other mutations occurred during the PCR and then introduced the resulting plasmids into TO20 (Datl::htk) by Hm r selection.
His þ reversion frequency
Since MNNG is unstable at 70°C and T.thermophilus cells do not grow ,50°C, we conducted mutagen treatment by the following method. Diluting an MNNG-dimethyl sulfoxide stock solution (1 mg/ml) with a sodium phosphate buffer (pH 7.4) just before use, we treated bacterial cells at late log phase (0.5 ml) with 2-10 lg/ml MNNG at 37°C for 30 min, centrifuged the mix at 2000 Â g for 5 min and washed the cells with Na-phosphate buffer to remove the MNNG. We then suspended the cells in fresh PY medium, cultured them at 70°C for an additional 4 h with shaking to ensure at least two rounds of replication for mutation fixation, centrifuged them again at 2000 Â g for 5 min, washed them with Na-phosphate buffer and suspended them in 1 ml buffer. For the measurement of His þ mutants, we plated 0.1 ml onto triplicate MSG plates with 2 ml top agar and incubated the plates for 2-3 days at 70°C. For the determination of viable cells, we plated 0.1 ml of a 10 À6 dilution onto triplicate PY plates with 2 ml of top agar and incubated the plates for 1-2 days at 70°C. We repeated the experiments three times and calculated the induced mutation frequency (IMF) as {His þ (treated)ÀHis þ (control)}/survival (treated). We used the non-parametric Kruskal-Wallis test for statistical analysis.
Results

MNNG-induced G:C/A:T mutations in atl mutant
An atl-deficient strain TO20 showed neither obvious growth delay in PY liquid medium nor decreased colony-forming ability on MSG (þHis) minimal agar plates. The spontaneous G:C/A:T mutation frequency of TO20 (0.31 Â 10 À7 ) was similar to that of RT30 (0.36 Â 10 À7 ), its parent strain, but the mutation frequency induced by MNNG (10 lg/ml) was $6.2 times higher in strain TO20 (Figure 2) . In order to confirm that this difference was due to the lack of atl gene, a plasmid pATL expressing atl gene was introduced into TO20. In the TO20 carrying pATL, the MNNG-IMF, as expected, was significantly lower (Figure 2 ). That it was lower than the RT30 frequency was likely a gene-dose effect due to the copy number of the plasmid (about eight copies per cell). The results Fig. 1 . Construction of pATL carrying atl ORF under an htk promoter. htk, kanamycin resistance at 70°C in T.thermophilus; hph5, hygromycin B resistance at 65°C in T.thermophilus; amp, ampicillin resistance in E.coli; repA, replication of the plasmid in T.thermophilus; pUC18 ori, replication of the plasmid in E.coli; p, promoter region. Restriction enzyme sites: Hin, HindIII; Kpn, KpnI; Pst, PstI; Sal and SalI. clearly showed that the atl is involved in repair of methylated lesions. ATL protein has single cysteine residue at the position of Cys-109, eight amino acids upstream of the PAHR sequence. To exclude the possibility that Cys-109 might be acting as a methyl acceptor, we constructed a plasmid-carrying mutant ATL (C109A) and introduced it into TO20. The C109A mutant ATL complemented atl deficiency and functioned like wildtype ATL (Figure 3) . We also constructed a mutant ATL protein (A117C), converting the PAHR sequence motif to the PCHR motif conserved in AGT, and found no effect on MNNG-IMFs. The TO20 strain carrying pATL109A or pATL117C behaved like TO20/pATL (Figure 3) , excluding the possibility that Cys-109 was acting as a methyl acceptor.
In the process of repair by AGT, it has been demonstrated that O 6 -meG is flipped out of the DNA helix by AGT (15), and Tyr and Arg residues in AGT are considered to be involved in the nucleotide flipping (9, 28) . Both the amino acids are highly conserved not only in AGT but also in ATL (12) . We replaced the corresponding residues in T.thermophilus ATL protein (Tyr-88 and Arg-100) with Ala or Glu to make four mutant proteins-Y88A, R100A, Y88A þ R100A and Y88E þ R100E. Unexpectedly, the four constructed strains showed similar MNNG-IMFs compared with wild-type ATL, indicating that the mutant ATL proteins still functioned in the repair of methylated lesions (Figure 4) .
MNNG-induced G:C/A:T mutations in uvrA atl double mutant
To investigate the function of ATL in NER, we isolated a uvrA mutant and a uvrA atl double mutant. The uvrA mutant TO25 showed a high spontaneous mutation frequency (4.0 Â 10 À7 ) relative to that of RT30 (0.36 Â 10 À7 ) and the atl mutant TO20
(0.31 Â 10 À7 ). That elevated spontaneous mutation frequency observed in a uvrA background was suppressed in the uvrA atl double mutant TO35 (0.48 Â 10 À7 ) almost to the level of the wild-type RT30. TO35 showed slight growth delay in the PY medium but no obvious defect in viability. At 10 lg/ml of MNNG, IMF was $2.5 times higher in TO25 (uvrA) than in TO20 (atl) (P , 0.05), indicating that NER also played an important role in preventing G:C/A:T transition mutations ( Figure 5 ). The IMF of TO20 (atl), but not TO25 (uvrA), differed significantly from the IMF in TO35 (uvrA, atl). Thus, there was no additional effect of the atl defect in a uvrA background while the addition of uvrA mutation in an atl background increased the reversion frequency, indicating that ATL protein was involved in the NER pathway for the repair of O 6 -meG. On the other hand, the difference between the atl mutant and the uvrA atl double mutant suggests that NER was able to partly repair O 6 -meG even in the absence of ATL protein in T.thermophilus.
Discussion
In this in vivo study, we investigated the role of T.thermophilus ATL protein by measuring G:C/A:T mutations in mutant strains deficient in atl and/or uvrA. Recent structural analysis of ATL protein and biochemical studies using purified ATL protein suggest an interesting repair model in which ATL protein acts as a damage sensor for O 6 -meG and recruits UvrA protein to initiate NER (15, 16) . Compared with its parent strain, the T.thermophilus atl mutant TO20 showed a significantly increased frequency of G:C/A:T transitions when exposed to MNNG (Figure 2 ). The atl deficiency was complemented by the introduction of an atl-expressing plasmid. It was evident that ATL protein was actually involved in the repair of MNNG-induced O 6 -meG lesions. The C109A mutant ATL protein having no cysteine residue complemented atl deficiency and functioned like wild-type ATL (Figure 3) . The result means that the T.thermophilus ATL protein does not function as methyltransferase. On the other hand, changing Ala to Cys in the PAHR sequence motif did not affect the ATL protein repair function (Figure 3) . A similar result was reported that change the Ala residue at the PAHR sequence motif to a Cys to generate a PCHR motif did not confer methyltransferase activity in E.coli ATL protein (13) .
In the covalent transfer of the methyl group to the Cys residue in AGT, it is believed that O 6 -meG is flipped out of the DNA helix by AGT and that AGT Tyr and Arg residues are involved in the flipping (9, 28) . Both the amino acids are highly conserved in ATL protein as well as AGT (12) . It was recently reported that substituting Ala for either Tyr or Arg in the Vibrio parahaemolyticus ATL protein severely affects their ability to bind alkylated DNA in vitro (29) . When we changed the corresponding amino acid residues (Tyr-88 and Arg-100) of T.thermophilus ATL protein to Ala or Glu, we observed no IMF increase, which suggests that the mutant ATL protein still functioned in the repair of O 6 -meG ( Figure 4 ). We do not know why site-directed mutagenesis of T.thermophilus ATL protein did not cause any detectable changes in MNNG-induced mutagenesis. Since T.thermophilus contains only ATL protein in contrast to E.coli containing both AGT and ATL proteins, the T.thermophilus ATL protein may not always function in the same way as E.coli ATL protein. In vitro interaction between T.thermophilus ATL and UvrA proteins (11) seems to be considerably weak compared with that observed between E.coli ATL and UvrA proteins (15, 16) . One speculation is that another unidentified protein might be involved in association of T.thermophilus ATL and UvrA proteins. Further studies are needed to clarify some discrepancy between in vitro and in vivo studies on the role of ATL protein regarding recognition and flipping of O 6 -meG. Our finding that both the uvrA mutant and the uvrA atl double mutant were equally mutable to MNNG supports the NER-mediated repair model of O 6 -meG in which the binding of ATL protein to O 6 -meG recruits NER proteins. At the same time, it is noteworthy that the uvrA atl double mutant was more mutable than the atl mutant ( Figure 5 ). The data indicate that NER was able to repair O 6 -meG even in the absence of ATL protein. T.thermophilus ATL protein has been reported to interact with RNA polymerase as well as UvrA protein, suggesting the contribution to transcription-coupled repair pathway (11) . The signal for the transcription-coupled repair is the stalled RNA polymerase that results when DNA damage prevents its translocation during transcription elongation (30) . Since transcription-repair coupling factor (TRCF) interacts with both UvrA and RNA polymerase, a stalled RNA polymerase at a DNA lesion recruits UvrA to initiate NER (31) . Although O 6 -meG is less effective than 3-meA in impeding mRNA synthesis (32) , transcription-coupled repair may act in part to repair O 6 -meG in the absence of ATL protein, and the binding of ATL protein to O 6 -meG would efficiently promote the repair pathway. Recently, an interesting observation has been reported that E.coli ATL enhanced NER-dependent repair of O 6 -alkyl lesion such as hydroxypropyl adduct in a way similar to the TRCF by recruiting the UvrA 2 -UvrB complex via its interaction with UvrA (16) . Another speculation is that the mismatch repair protein MutS is involved in the repair of O 6 -meG. O 6 -meG:T, like G:T, is specifically recognised by MutS (33, 34) . In an NER-deficient background, the binding of ATL protein to O 6 -meG might interfere with MutS recognition of the O 6 -meG:T mismatch. In the present study, the increased spontaneous mutation frequency observed in a uvrA background was reduced in the uvrA atl double mutant almost to wild-type levels ( Figure 5 ), suggesting a role for MutS-based mismatch repair in the double mutant but that awaits future investigation.
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